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ABSTRACT
Star formation and quenching are two of the most important processes in galaxy formation and evolu-
tion. We explore in the local Universe the interrelationships among key integrated galaxy properties,
including stellar mass M∗, star formation rate (SFR), specific SFR (sSFR), molecular gas mass MH2 ,
star formation efficiency (SFE) of the molecular gas and molecular gas to stellar mass ratio µ. We
aim to identify the most fundamental scaling relations among these key galaxy properties and their
interrelationships. We show the integrated MH2-SFR, SFR-M∗ and MH2 -M∗ relation can be simply
transformed from the µ-sSFR, SFE-µ and SFE-sSFR relation, respectively. The transformation, in
principle, can increase or decrease the scatter of each relation. Interestingly, we find the latter three
relations all have significantly smaller scatter than the former three corresponding relations. We show
the probability to achieve the observed small scatter by accident is extremely close to zero. This sug-
gests that the smaller scatters of the latter three relations are driven by a more fundamental physical
connection among these quantities. We then show the large scatters in the former relations are due to
their systematic dependence on other galaxy properties, and on star formation and quenching process.
We propose the sSFR-µ-SFE relation as the Fundamental Formation Relation (FFR), which governs
the star formation and quenching process, and provides a simple framework to study galaxy evolution.
Other scaling relations, including integrated Kennicutt-Schmidt law, star-forming main sequence and
molecular gas main sequence, can all be derived from the FFR.
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1. INTRODUCTION
The assembly of the galaxy population across cosmic
time can be mainly described by the star formation his-
tory (e.g., Lilly et al. 1996; Madau & Dickinson 2014 for
a review), quenching history (e.g., Peng et al. 2010; Ren-
zini 2016), merging history (e.g., Kauffmann et al. 1993;
Conselice 2014 for a review), chemical enrichment his-
tory (e.g., Maiolino & Mannucci 2019 for a review) and
angular momentum history (e.g., Peebles 1969; White
1984; Mo et al. 1998; Navarro & Steinmetz 2000; Renzini
2020; Peng & Renzini 2020). Stars are commonly be-
lieved to form in cold dense molecular clouds. Star for-
mation rate (SFR) can be associated to the total avail-
able cold molecular gas mass (MH2) in the interstellar
medium (ISM) of the galaxy via star formation efficiency
(SFE) as SFR = SFE ×MH2 . The SFE, or equivalently
the gas depletion timescale τ (τ = 1/SFE), describes
how efficiently the galaxy can convert the available cold
gas into stars.
Many observations have shown that the SFR is tightly
correlated with the gas content, especially the molecular
gas. This fundamental scaling relation is often referred
as the star formation law or Kennicutt-Schmidt (KS)
law (Schmidt 1959; Kennicutt 1998), and can be pa-
rameterized as ΣSFR ∝ ΣNH2 , where ΣSFR and ΣH2 are
the star formation rate and molecular gas surface den-
sities. The value of N depends on different galaxy sam-
ples, different methods in measuring the SFR, different
physical scales and different H2 tracers. For example,
when the surface densities are averaged over the entire
galaxy, N is found to be ∼ 1.4 for CO-based H2 gas,
while on kpc or sub-kpc scales, N is ∼ 1 or lower for the
same gas tracer (Bigiel et al. 2008; Leroy et al. 2013;
Bolatto et al. 2017; Kreckel et al. 2018; Dey et al. 2019;
Lin et al. 2019; Morselli et al. 2020). When the dense
molecular gas (traced by HCN or HCO+) is used, the
star formation law is linear (Gao & Solomon 2004).
Although the KS star formation law was discovered
about six decades ago, the physical origin of this tight
relation is still in hot debate. In theories, two scenarios
have been proposed to explain the observations (Kenni-
cutt & Evans 2012). The bottom-up picture describes
that the star formation is mainly driven by localized
processes within giant molecular clouds (Krumholz &
McKee 2005; Murray 2011). The top-down scenario as-
sumes that the star formation is primarily determined
by global, large-scale dynamical processes in galaxies,
such as disk instabilities (Silk 1997). However, there are
recent results showing that the molecular KS relation
holds also on sub-galactic scales (Lin et al. 2019; Dey
et al. 2019; Morselli et al. 2020; Ellison et al. 2020a,b),
which hence seem contrary to the top-down scenario.
In observations, the star formation law has been ex-
plored in increasing details by expanding the parame-
ter space, i.e. to study the multiple interrelationships
among SFR, MH2 , SFE (or τ in the equivalent), sSFR,
molecular gas to stellar mass ratio µ, stellar mass M∗,
etc. For instance, τ of the molecular gas was first found
to be about constant, 1 ∼ 2 Gyr in normal spiral galaxies
(Bigiel et al. 2008; Schruba et al. 2011; Leroy et al. 2013),
while subsequent studies have shown that the molecular
τ in fact depends on various galaxy properties, in par-
ticular on sSFR (Daddi et al. 2010; Genzel et al. 2010;
Genzel et al. 2015; Leroy et al. 2013; Saintonge et al.
2011a, 2013, 2016; Santini et al. 2014; Sargent et al.
2014; Huang & Kauffmann 2014; Papovich et al. 2016;
Schinnerer et al. 2016; Scoville et al. 2016, 2017; Tacconi
et al. 2010, 2013, 2018, 2020 for a review; Freundlich
et al. 2019; Wiklind et al. 2019; Aravena et al. 2019).
In line with this effort, several key scaling relations
have been identified. The first one is the star-forming
main sequence (Brinchmann et al. 2004; Daddi et al.
2007; Elbaz et al. 2007, 2011; Noeske et al. 2007;
Schiminovich et al. 2007; Franx et al. 2008; Peng et al.
2010; Whitaker et al. 2012, 2014; Speagle et al. 2014;
Rodighiero et al. 2015; Renzini & Peng 2015; Schreiber
et al. 2015; Popesso et al. 2019a,b), which describes
the tight relation between SFR and stellar mass of the
star-forming galaxies. The second one is the molecu-
lar gas main sequence (Barrera-Ballesteros et al. 2018;
Tacconi et al. 2018; Lin et al. 2019; Barrera-Ballesteros
et al. 2020), which describes the correlation between
molecular gas mass and stellar mass. The third one is
the so-called extended KS relation, which describes the
correlation between SFR and the combination of gas
mass and stellar mass (Dopita 1985; Dopita & Ryder
1994; Shi et al. 2011, 2018). There are also increas-
ing interests and many efforts that have been made to
study the combined 3D relation defined by M∗, SFR
and MH2 (Lin et al. 2019; Morselli et al. 2020; Ellison
et al. 2020a,b).
In this work, we focus on analyzing the underlying in-
terrelationships among these key scaling relations, and
paying particular attention to their scatters. We aim
to identify the most fundamental scaling relations con-
necting different key galaxy properties with the smallest
scatters, which can in return give insight into the under-
lying physics.
Since the star formation is observed to be more di-
rectly correlated with molecular gas (Solomon & Sage
1988; Bouche´ et al. 2007; Daddi et al. 2010; Genzel et al.
2010), in this work we first focus on molecular gas only
and will include atomic gas in our analysis in a future
study. Galaxy mergers can have a complicated effect
The Fundamental Formation Relation 3
on the star formation of the galaxies. It can enhance
or suppress star formation, depending on the gas con-
tent of the merging galaxies and also the phase of the
merger. The major merger rate is observed to increase
with redshift (Cibinel et al. 2019; Ferreira et al. 2020),
even up to z ∼ 6 (Duncan et al. 2019), and the galaxy
major merger fraction is only a few percent in the local
Universe (Ventou et al. 2017; Duncan et al. 2019). On
average, mergers are expected to have very small impact
on the star formation and quenching in the local galaxy
population. In this paper, we hence do not consider the
effect of mergers in studying the scaling relations in star
formation and quenching in the local Universe. How-
ever, the effect of mergers should be taken into account
when moving to high redshift.
Throughout this work we assume the following cos-
mological parameters: Ωm = 0.3, ΩΛ = 0.7, H0 =
70 km s−1Mpc−1.
2. SAMPLE
The molecular gas sample used in this paper is the
Extended CO Legacy Database for the GALEX Arecibo
SDSS Survey (xCOLD GASS, Saintonge et al. (2017)).
It contains 532 nearby galaxies with CO (1-0) observa-
tions over a total of ∼ 950 hours observing time using
the IRAM 30m single-dish telescope. It is a compila-
tion of two large CO programs. The original COLD
GASS sample was selected randomly from the parent
sample of SDSS spectroscopic survey (Abazajian et al.
2009) within the ALFALFA footprints (Haynes et al.
2011). It includes 366 galaxies with M∗ > 1010M
within the redshift range of 0.025 < z < 0.05 (Sain-
tonge et al. 2011b). The second large program, COLD
GASS-low survey, extended the sample to a lower stellar
mass range (109M < M∗ < 1010M) at lower redshift
(0.01 < z < 0.02). The lower redshift range was to
ensure that the CO (1-0) line can be detected for the
galaxies with low stellar mass. The angular sizes of the
low-mass galaxies are also smaller and most of their CO
flux are within the beam of the IRAM 30m telescope.
The CO observation and data reduction are described
in Saintonge et al. (2017) in detail. The general obser-
vation strategy was to observe a galaxy until either the
CO (1-0) line was detected with S/N > 5 or the RMS
noise was low enough to put a stringent upper limit on
the gas fraction, which was set to be MH2/M∗ = 1.5%
for COLD GASS and 2.5% for COLD GASS-low. Only
targets with FLAGCO = 1, i.e. the CO (1-0) line is de-
tected and S/N > 5, are used in our work. The selection
effects are discussed in detail in the Appendix.
The beam size of IRAM telescope at 3 mm is 22”.
For most galaxies, their flux can be recovered with a
single pointing of the telescope. However, an aperture
correction was still applied to all measured CO (1-0) line
fluxes to account for the large angular size of some galax-
ies. The detailed method is described in Saintonge et al.
(2012). The median aperture correction for the whole
xCOLD GASS sample is 1.17, close to unity. The aper-
ture corrected CO (1-0) fluxes are then used to derive
the total molecular gas mass.
We use the recommended value for the CO-to-H2 con-
version factor from xCOLD GASS, which was calculated
using the calibration function in Accurso et al. (2017). It
is metallicity-dependent and has a second order depen-
dence on the offset from the star-forming main sequence.
This calibration is independent of any assumption on the
molecular gas depletion timescale, and hence is ideal for
studying gas and star formation scaling relations.
It should be noted that xCOLD GASS is a mass-
selected sample, and it has a flat distribution in stellar
mass, which is different from the mass distribution of the
parent SDSS sample (i.e. stellar mass function with a
negative slope at the low-mass end). This “mass bias” is
corrected by a statistical weight (Catinella et al. 2010).
For each xCOLD GASS galaxy, the weight is calculated
as the ratio between the number of galaxies from the
expected stellar mass function derived from the volume-
limited sample and the actual number of objects in the
xCOLD GASS sample at a given stellar mass bin.
Stellar masses of the xCOLD GASS galaxies are taken
from the SDSS DR7 MPA-JHU catalog, derived from
fits to the photometry (Salim et al. 2007). SFRs are
calculated using the combination of MIR and UV from
WISE and GALEX survey databases, as described in
Janowiecki et al. (2017). Using a different SFR (e.g.,
SFR based on WISE+SDSS+GALEX from Salim et al.
(2016)) produces very similar results. Also our primary
goal is to compare the relative differences between dif-
ferent scaling relations, not to determine their absolute
slope and normalization, hence systematic uncertainties
in SFRs are less critical. All stellar masses and SFRs are
converted to a Chabrier initial mass function (Chabrier
2003). The final sample used in our analysis contains 330
galaxies with reliable CO (1-0), SFR and stellar mass
measurements.
We also extract structural parameters for each galaxy.
The r-band effective radius (R50) is obtained from the
SDSS DR7 official database. The mass weighted bulge-
to-total ratios (B/T) are taken from Mendel et al.
(2014), in which each galaxy is fitted with a pure expo-
nential disk and a de Vaucouleurs bulge (Sersic index nb
= 4). The value of B/T is defined as Mbulge / (Mbulge +
Mdisk). We also checked that the total stellar mass from
(Mbulge + Mdisk) agrees well with the mass directly de-
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rived from the SED-fitting method (Brinchmann et al.
2004), with a small scatter of only 0.1 dex on average.
It should be noted that unlike many previous similar
studies where only star-forming galaxies are selected, in
our analysis we do not differentiate between star-forming
and passive galaxies. We include all galaxies from star-
bursting ones and down to those with the lowest ob-
servable SFR and H2 gas mass, though fully quenched
galaxies are probably not included as most of them are
not detected in CO. One of our main goals is to test
whether the star formation physics is the same or not
in star-forming galaxies and galaxies in the process of
being quenched.
3. MH2-SFR V.S. µ-SSFR RELATIONS
The left panel of Figure 1 shows the molecular gas
mass MH2 as a function of SFR, which is often referred
as the integrated KS law (Sargent et al. 2014; Grossi
et al. 2016; Coogan et al. 2018; Barrera-Ballesteros
2019). The right panel shows the molecular gas to stellar
mass ratio µ = MH2/M∗ as a function of sSFR. Given
sSFR = µ×SFE, the µ-sSFR relation is closely related
to the SFE-sSFR relation or the τ -sSFR relation. The µ-
sSFR, SFE-sSFR and τ -sSFR relations have been shown
in many studies from local to high redshift (see the ref-
erences in the introduction).
Black dots in both panels are individual galaxies and
blue solid lines are the best fits to the data using the
orthogonal distance regression (ODR) fitting method,
which calculates the sum of the orthogonal distances
from the data points to the fitted line. Since ODR ac-
counts for variances on both the x- and the y- axis, we
use ODR instead of the traditional least square method
which measures variances only parallel to the y-axis.
The slope, residual variance and total variance of the
best-fitting model are noted in the legend. The total
variance is the sum of squares of the variances in both
x- and y-directions. The residual variance is the total
variance divided by the degrees-of-freedom in the data.
The smaller the residual variance and the total variance,
the tighter the correlation between the y-axis and x-axis
variables. The logarithmic slope of the MH2-SFR rela-
tion in the left panel is ∼ 0.847, in good agreement with
the relation MH2 ∝ SFR0.81 as in Sargent et al. (2014).
We also note that the exact value of the slope strongly
depends on the sample and the adopted αCO. For in-
stance, including more starbursts and ULIRGs and us-
ing a smaller αCO (Gao & Solomon 2004; Liu et al.
2015), or including more low-metallicity dwarf galaxies
at the low SFR end and using a much larger αCO (Wyder
et al. 2009; de los Reyes & Kennicutt 2019), will both
produce a much shallower slope of the MH2-SFR rela-
tion. Since our primary goal is to compare the relative
differences between different scaling relations, their ab-
solute slopes and normalizations are less critical to our
analysis.
We also estimate the 1σ scatter, which is 0.23 dex for
the MH2-SFR relation and 0.19 dex for the µ-sSFR re-
lation. The typical measurement errors as estimated by
xCOLD GASS (Saintonge et al. 2017), is 0.18 dex in
MH2 and 0.13 dex in SFR. The typical 1σ measurement
errors in M∗ derived from SDSS is about 0.1 dex. Hence
the errors in µ and sSFR is about 0.21 dex and 0.16 dex,
respectively, estimated from error propagation. Interest-
ingly, even if the measurement errors of µ and sSFR are
both larger than those of MH2 and SFR, the µ-sSFR re-
lation has a smaller scatter than the MH2-SFR relation.
In fact, the combined measurement errors of µ and sSFR
on the orthogonal direction to the fitted line is 0.2 dex.
This means the scatter of the µ-sSFR relation, 0.19 dex,
can be entirely explained by the measurement errors of
µ and sSFR. This hence suggests that there is little room
to further reduce the scatter of this relation by includ-
ing other galaxy properties. In other words, the µ-sSFR
relation will most likely show no dependence on other
galaxy properties, which is indeed the case as will be
shown in later sections.
3.1. Interrelationship between MH2-SFR and µ-sSFR
It is evident that the residual variance and total vari-
ance of the µ-sSFR relation are significantly smaller
than that of the MH2-SFR relation, i.e. than that of
the integrated KS law. Since SFR = sSFR×M∗ and
MH2 = µ ×M∗, the MH2-SFR relation can be simply
transformed into the µ-sSFR relation via dividing by
M∗. This means that if each galaxy in the left panel of
Figure 1 is shifted by its log M∗ in both the x-axis and
y-axis, we obtain the right panel.
Will this shift change the overall variance (or scatter)
of the relation? We first consider one special case. If all
the galaxies would have the same stellar mass, then the
amount of shift will be the same for each galaxy. In this
case, the shift will change neither the overall variance
of the relation nor its slope, i.e. the total variance and
residual will be the same for MH2-SFR relation and µ-
sSFR relation. In reality, since galaxies have different
stellar masses, the amount of shift will be different for
different galaxies. Therefore, when we transform the
MH2-SFR relation into the µ-sSFR relation by shifting
each galaxy according to its stellar mass, its slope will
change, and its scatter can increase or decrease.
So the question to ask is what is the probability if this
transformation (by shifting each galaxy) would decrease
the scatter? If the probability is high, then the fact
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Figure 1. Comparison of the MH2 -SFR relation (left) and µ-sSFR relation (right). Black dots are individual galaxies. The
blue solid lines show the best fits to the data using ODR fitting method. The slope, residual variance and total variance of the
best-fitting model are given in the legend.
that the µ-sSFR relation has a smaller scatter as shown
in Figure 1 could be due to some random effects and
does not imply any fundamental physical reason.
We use a simple Monte Carlo simulation to evaluate
such a probability. In each realization, we first shuffle
the stellar masses of all galaxies randomly, shift each
galaxy in the left panel of Figure 1 by its new log M∗,
and then we do the ODR fitting and calculate the resid-
ual. We have done 50000 realizations and the distribu-
tion of the residual value is shown in Figure 2.
There are two important facts. First, the residual
value of the original MH2-SFR relation, marked by the
vertical dashed line, is significantly smaller than the
mean or median of the distribution. This implies the
tightness of the MH2 -SFR relation, i.e. the integrated
KS law, is unlikely due to some random effects, but
driven by some physical processes (see also the discus-
sion about the more general experiments in the next
paragraph). Second, the residual of the observed µ-
sSFR relation, 0.035, as noted in the right panel of Fig-
ure 1, is significantly offset from the main distribution.
The probability to achieve such a small residual value,
by shifting each galaxy with a random stellar mass, is
extremely close to zero. This hence suggests the fact that
the µ-sSFR relation is tighter than the MH2-SFR rela-
tion is driven by some more fundamental physical pro-
cesses that controls the amount of shift of each galaxy in
a remarkably precise way to achieve such a small resid-
ual value, and the amount of shift happens to be the stel-
0.051 0.052 0.053 0.054 0.055 0.056 0.057
Residual variance
0
200
400
600
800
1000
N
u
m
b
e
r
Figure 2. The probability distribution of the residual vari-
ance estimated from Monte Carlo Simulations with 50000
realizations. In each realization, we first shuffle the M∗ of
all galaxies randomly, shift each galaxy in the left panel of
Figure 1 by its log M∗, and the MH2 -SFR plot is trans-
formed into the µ-sSFR plot. Then we do the ODR fitting
and calculate the residual. The residual variance of the orig-
inal integrated KS law (left panel in Figure 1) is marked
by the vertical dashed line. The residual of the observed
µ-sSFR relation, 0.035, is significantly offset from the main
distribution. The probability to achieve such a small resid-
ual variance, by shifting each galaxy with a random stellar
mass, is extremely close to zero.
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lar mass of each galaxy. This also implies that stellar
mass is not a random variable, but correlates with MH2
and with SFR as well, i.e. stellar mass plays an impor-
tant role in linking star formation with the molecular
gas content. We will further discuss the role of stellar
mass in the next section.
In more general experiments, we shift each galaxy ac-
cording to not only its stellar mass (as above), but also
its other properties such as size, B/T, metallicity, etc.,
to get different scaling relations. Among all these rela-
tions (including the original MH2-SFR relation, i.e. do
not shift), the µ-sSFR has the smallest scatter. To put
it another way, on the MH2-SFR plane, if we shift each
galaxy by an amount that is equal to one of its proper-
ties to get the smallest scatter, that amount is precisely
log M∗ and the result is the µ-sSFR relation.
We note that the global slope (i.e. the slope of all
galaxies) of the µ-sSFR relation is shallower than the
MH2-SFR relation. In general, if the total ODR variance
of two relations are the same, the one with a shallower
slope is less correlated. An extreme example is a relation
with zero slope, which means there is no correlation.
We hence calculate the Pearson correlation coefficient
p (p = 1 means total positive linear correlation, and
p = 0 means no linear correlation) and find that p =
0.79 for MH2-SFR relation and p = 0.83 for µ-sSFR
relation. Therefore, even if the µ-sSFR relation has a
shallower slope, the correlation is still stronger than the
MH2-SFR relation, which requires the µ-sSFR relation
to have an even smaller variance (because of its shallower
slope). We will show in the next section that, in fact,
the intrinsic slope of the MH2-SFR relation (i.e. slope at
a given stellar mass) is the same as the µ-sSFR relation.
3.2. Internal structure of MH2-SFR and µ-sSFR
relations
To further explore why the µ-sSFR relation has a
significantly smaller scatter than the MH2 -SFR rela-
tion and the underlying physics of star formation and
quenching, we analyze their dependence on other key
galaxy properties, by splitting the galaxies into differ-
ent bins of stellar mass, bulge-to-total ratio, effective
radius, sSFR (forMH2-SFR) and SFR (for µ-sSFR). The
results are shown in Figure 3 (for MH2-SFR) and Fig-
ure 4 (for µ-sSFR). The median values are calculated
with a sliding window of 0.5 dex in SFR (Figure 3) and
sSFR (Figure 4), with a minimum of 4 galaxies inside
each window. The black diagonal lines (with slope of
unity) in both Figure 3 and 4 indicate the constant SFE
for three different values (given that SFR = SFE ×MH2
and sSFR = SFE ×µ).
As discussed in the Appendix, the CO detection ratio
strongly depends on the SFR and sSFR. In the upper left
panel of Figure 3, the thick gray line marks the detec-
tion ratio of ∼ 80% (except for galaxies with log M∗ <
9.4). On the right hand side of the gray line, the detec-
tion ratio is larger than 80% and the results in this part
should be reliable against selection effects. As shown in
Figure A1, below log M∗ ∼ 9.4, the average detection ra-
tio is slightly lower than for more massive galaxies with
similar sSFR. The detection ratio as a function of sSFR
is shown in the right panel of Figure A2. In Figure 4,
for galaxies with log sSFR > -1.6 Gyr−1, the detection
ratio is larger than 80%, where the results should be reli-
able. We also discuss in the Appendix, even for galaxies
below the 80% detection limit, i.e. in the low SFR re-
gions with rapidly increasing numbers of non-detections
in CO, why our results might be still meaningful and
not significantly biased by the strong selection effect in
CO. As discussed in the Appendix, if we exclude ellip-
tical galaxies whose SFR could be overestimated, the
CO detection ratio at the low SFR end will significantly
increase, since about 50% of the galaxies without CO de-
tections are ellipticals, which are presumably quenched
at high redshift with little remaining cold gas and ongo-
ing SFR. They may also follow different scaling relations
than those presented in this paper. Indeed, for galax-
ies with CO detections, the ellipticals are only about
5%. On the other hand, the selection effect will affect
all scaling relations explored in this paper. Our analy-
ses are primarily comparing the relative differences, for
instance, between the MH2 -SFR and µ-sSFR relations,
not to determine their absolute slope and normalization,
hence selection effects are less critical.
Comparing Figure 3 and 4, the MH2-SFR relation
shows systematic dependence on M∗, B/T, R50 and
sSFR, and in particular, strong systematic dependence
on M∗. On the contrary, the µ-sSFR relation shows al-
most no dependence on these parameters (note the lower
right panel in Figure 4 is for different SFR bins). This
explains why the µ-sSFR relation has a smaller scatter
(in terms of residual variance and total variance) than
the MH2-SFR relation.
3.2.1. MH2 -SFR and µ-sSFR on M∗
The strong dependence of the MH2 -SFR relation on
stellar mass as shown in Figure 3 is also consistent with
the so-called extended KS relation, which finds the scat-
ter of the original KS relation can be further reduced by
incorporating stellar mass into the fitting (Dopita 1985;
Dopita & Ryder 1994; Shi et al. 2011, 2018).
Here we further explore why incorporating stellar
mass can significantly reduce the scatter. We first look
The Fundamental Formation Relation 7
8.0
8.5
9.0
9.5
10.0
lo
g
 M
H
2
 (
M
¯)
 
0.
1G
yr
−1
1G
yr
−1
10
Gy
r
−1
9.0 < log M∗ < 9.4
9.4 < log M∗ < 9.7
9.7 < log M∗ < 10.0
10.0 < log M∗ < 10.4
10.4 < log M∗ < 10.8
10.8 < log M∗ < 11.5
0.
1G
yr
−1
1G
yr
−1
10
Gy
r
−1
0.0 < B/T < 0.1
0.1 < B/T < 0.3
0.3 < B/T < 0.5
0.5 < B/T < 1.0
1.5 1.0 0.5 0.0 0.5 1.0
log SFR (M¯/yr)
8.0
8.5
9.0
9.5
10.0
lo
g
 M
H
2
 (
M
¯)
 
0.
1G
yr
−1
1G
yr
−1
10
Gy
r
−1
0 < R50(kpc) < 2
2 < R50(kpc) < 3
3 < R50(kpc) < 4
4 < R50(kpc) < 11
1.5 1.0 0.5 0.0 0.5 1.0
log SFR (M¯/yr)
0.
1G
yr
−1
1G
yr
−1
10
Gy
r
−1
-3.0 < log sSFR < -1.5
-1.5 < log sSFR < -1.0
-1.0 < log sSFR < -0.5
-0.5 < log sSFR < 0.5
Figure 3. The average molecular gas mass as a function of SFR in different stellar mass, bulge-to-total ratio, effective radius
and sSFR. The average values are calculated with a sliding box of 0.5 dex in SFR. Error bars on each line indicate the 32th and
68th percentile of the galaxy distribution. The black diagonal lines are the constant star formation efficiency in three different
values. The thick gray line marks the CO detection ratio of ∼80%. On the right hand side of the gray line, the average detection
ratio is larger than 80% and the results in this part should be reliable against selection effects (see text and Appendix for detail).
at the upper left panel of Figure 3. Interesingly, the
MH2-SFR relation at different stellar mass bins are all
parallel to each other with a similar slope. The slope
of individual lines is in fact the same as the slope of
the µ-sSFR relation (of both the global one and stellar
mass binned ones as shown in the upper left panel of
Figure 4), which is ∼ 0.6 as shown in the right panel
of Figure 1. As discussed before, the MH2-SFR relation
can be transformed into the µ-sSFR relation by shifting
each galaxy by its log M∗. For a given stellar mass bin
(i.e. galaxies with similar M∗), the shift is the same.
Therefore, when we transform the MH2-SFR relation at
a given stellar mass bin into the µ-sSFR relation, we
shift it along the diagonal line (i.e. along the constant
SFE line, as the shift is -log M∗ in both x-axis and y-
axis) and its slope remains unchanged. This process is
illustrated in Figure 5.
We stress that, as above, the slope of the MH2-SFR re-
lation at different stellar mass bins is the same (also the
same as the slope of the µ-sSFR relation, about 0.6),
which is much shallower than the slope of the global
MH2-SFR relation (∼ 0.8). Therefore, the global MH2 -
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Figure 4. As for Figure 3, but for the µ-sSFR relation and the lower right panel is for different SFR bins. As discussed in
the text and Appendix, for galaxies with log sSFR > -1.6 Gyr−1, the average CO detection ratio is larger than 80%, where the
results should be reliable.
SFR relation is a collection and superposition of the
MH2-SFR relations at different stellar masses (that all
have the same slope, but different zero points depend-
ing on the stellar mass). The µ-sSFR relations at dif-
ferent stellar masses all have the same slope and the
same zero point, hence the global µ-sSFR relation has a
much smaller overall scatter and is a more fundamental
relation than the MH2-SFR relation.
Putting it another way, how can we explain simulta-
neously why (a) the slopes of the MH2-SFR at a given
(different) M∗ are all the same and (b) the separation
between the different MH2-SFR relations in different M∗
bins is controlled by M∗? Both (a) and (b) must be sat-
isfied, otherwise when the MH2-SFR relations at differ-
ent M∗ bins are transformed into the µ-sSFR relation,
the different lines will not collapse into one single rela-
tion, as observed. A priori, it is not completely obvious
why conditions (a) and (b) should hold, as observed.
Also Figure 2 has ruled out reason due to some coin-
cidence or random effect. One natural explanation is
that the MH2-SFR relation is actually originated from
the µ-sSFR relation.
3.2.2. MH2 -SFR and µ-sSFR on B/T, R50 and
sSFR(SFR)
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Figure 5. Illustration of the interrelationship between the MH2 -SFR (i.e. the integrated KS law) and µ-sSFR relation, and
their dependence on stellar mass. The MH2 -SFR relation can be transformed into the µ-sSFR relation by shifting each galaxy
by its log M∗. For a given stellar mass bin (i.e. galaxies with similar M∗), the shift is the same. Therefore, when the MH2 -SFR
relation at a given stellar mass bin is transformed into the µ-sSFR relation, it is shifted along the diagonal line (i.e. along
the constant SFE line, as the shift is -log M∗ in both x-axis and y-axis) and its slope remains unchanged. In other words,
the intrinsic slope of the MH2 -SFR relation (i.e. slope at a given stellar mass) is the same as the µ-sSFR relation. The global
MH2 -SFR relation (shaded region in the left panel) is a collection and superposition of the MH2 -SFR relations at different stellar
masses that all have the same slope, but different zero points depending on the stellar mass. The µ-sSFR relation (right panel)
at different stellar masses that all have the same slope and the same zero point, hence a much smaller overall scatter. See the
text for more discussion.
As mentioned before, the MH2-SFR relation also
shows systematic dependence on B/T, R50 and sSFR,
though not as significant as its dependence on M∗.
The upper right panel in Figure 3 shows the galax-
ies with a larger B/T, on average, have a lower SFE,
though the difference of SFE at different B/T is quite
small. This trend is consistent with the results shown in
Saintonge et al. (2012, 2016) that the bulge-dominated
galaxies tend to convert gas into stars less efficiently.
This can be explained by morphological quenching
(Martig et al. 2009; Genzel et al. 2014; Gensior et al.
2020) that the presence of a central stellar bulge can
stabilize the gas on the disk and reduce the SFE. The
lower left panel shows that the galaxies with a smaller
R50, on average, have a higher SFE. This can be ex-
plained as at a given MH2 , the galaxies with a smaller
R50 have a higher average gas density (by assuming the
H2 gas distribution follows the stars), hence may have
a higher SFE.
The µ-sSFR relation, on the contrary, shows little or
no dependence on M∗, B/T, R50, SFR and other galaxy
properties we have explored, including gas-phase metal-
licity and environment (in terms of overdensity and cen-
tral/satellite dichotomy). As mentioned before, given
sSFR = µ×SFE, the µ-sSFR relation is also closely re-
lated to the SFE-sSFR (or equivalently the τ -sSFR) re-
lation, which will be explored in the next section.
The fact that MH2-SFR relation shows systematic de-
pendence on M∗, B/T, R50 and sSFR implies that the
SFE systematically depends on M∗, B/T, R50 and sSFR
(Figure 3). On the other hand, at a given sSFR, the SFE
does not depend on M∗, B/T, R50 and SFR (Figure
4). Putting together, in the local Universe, the SFE (or
equivalently the gas depletion timescale τ) is primarily
set by the sSFR (and vice versa), not by SFR or by MH2 .
The integrated KS law derives from the more universal
and fundamental µ-sSFR relation.
It should be noted that this does not suggest the stel-
lar bulge and/or the gas density would have no effect on
the SFE. This is because although the SFE is primarily
set by the sSFR, the sSFR may depend on B/T and/or
the gas density (and/or on other galaxy properties, e.g.,
on M∗). Therefore, one of the next key question to
explore is what determines the sSFR and drives its evo-
lution. Peng & Maiolino (2014), the first paper in this
series, explored the importance of the sSFR and stressed
its critical role in driving galaxy evolution.
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Indeed, the important fact is that, as shown in Figure
1 (right panel) and Figure 4, the unique feature of µ-
sSFR relation (its tightness, a single slope and indepen-
dence of other key galaxy properties) remains unchanged
across the entire observed range of sSFR, from star-
bursting to galaxies in the process of being quenched.
This suggest that the same star formation physics may
operate across the entire galaxy population, for galaxies
with enormous differences in stellar masses, size and
structure, from star-bursting to galaxies in the process
of being quenched. All galaxies just evolve on the same
scaling relation of µ-sSFR, as their sSFR decrease due
to secular evolution with cosmic time or quenching. We
will further explore this aspect in our next paper.
4. INTERRELATIONSHIPS BETWEEN MH2 -M∗,
SFR-M∗ AND SFE-SSFR, SFE-µ
In addition to the star formation law, the other two
important scaling relations widely discussed in the liter-
ature are the MH2 -M∗ and SFR-M∗ relations. As men-
tioned in the introduction (with the references there), for
star-forming galaxies, these two relations are called as
molecular gas main sequence (MG-MS) and star-forming
main sequence (SF-MS). It should be noted that unlike
many previous studies, in our analysis we do not differ-
entiate between star-forming and passive galaxies. We
include all galaxies from star-bursting ones and down to
those with the lowest observable SFR and H2 gas mass.
As we have shown in the previous section, we will show
more evidence that the same star formation physics may
operate across the entire galaxy population, from star-
bursting to galaxies in the process of being quenched, as
also argued in Tacconi et al. (2018, 2020).
Similar to the mutual transformation between MH2 -
SFR and µ-sSFR relations, the upper two panels in Fig-
ure 6 show that theMH2 -M∗ relation can be transformed
into the SFE-sSFR relation by shifting each galaxy by
its log SFR (and vice versa); the bottom two panels
show that the SFR-M∗ relation can be transformed into
the SFE-1/µ relation by shifting each galaxy by its log
MH2 (and vice versa). As dicussed in Section 3.1, in
principle this shift can increase or decrease the overall
scatter of the relation, and also change its slope. As
indicated by the residual variance and total variance in
the legend in each panel, the SFE-sSFR and SFE-1/µ
relations have actually significantly smaller scatter than
their corresponding MH2 -M∗ and SFR-M∗ relations.
As discussed before, given sSFR = µ×SFE, the µ-
sSFR relation is closely related to the SFE (or τ)-sSFR
relation. The combined measurement errors of SFE and
sSFR on the orthogonal direction to the fitted line is
0.21 dex, which is similar to the scatter of the SFE-sSFR
relation of 0.2 dex. Similar to the µ-sSFR relation, this
means the scatter of the SFE-sSFR relation can also be
entirely explained by the measurement errors, and there
is little room to further reduce the scatter by including
other galaxy properties. Indeed, we find the SFE-sSFR
relation also shows little or no dependence on other key
galaxy properties, including M∗, B/T, R50 and SFR.
The MH2 -M∗ and SFR-M∗ relations evidently have
the largest scatters than other discussed scaling rela-
tions. One apparent feature is that both MH2 -M∗ and
SFR-M∗ relations consist of two structures (that are not
lying on the same linear relation), one relatively tight se-
quence for star-forming galaxies (i.e. MG-MS for MH2 -
M∗ relation and SF-MS for SFR-M∗ relation) and one
loose cloud for passive galaxies, as illustrated in Figure
7. The passive cloud is not entirely clear in the left two
panels of Figure 6, due to the relatively small size and
sample selection of the xCOLD GASS. However, the ex-
istence of the passive cloud is naturally expected.
As discussed in Renzini & Peng (2015), the existence
of a star-forming sequence and a passive cloud is pri-
marily caused by quenching. Most galaxies in the local
Universe are quenched through strangulation or star-
vation by halting the cold gas supply (Peng et al. 2015;
Trussler et al. 2019; Zhang et al. 2019). Therefore, when
quenching starts, bothMH2 and SFR decrease at a speed
which is controlled by the gas depletion timescale. On
the MH2 -M∗ and SFR-M∗ plane, the galaxy in the pro-
cess of quenching evolves mostly downwards, with some
modest stellar mass increase during quenching. This
hence brings the galaxy off the MG-MS and SF-MS,
evolving towards the passive cloud, and hence signifi-
cantly increase the scatter of the MH2 -M∗ and SFR-M∗
relations.
The SFE-1/µ relation, which can be transformed from
the SFR-M∗ relation and vice versa, has a much smaller
scatter than the SFR-M∗ relation. This is because, as
discussed above and illustrated in Figure 7, the SFR-
M∗ relation consists of two structures that are not lying
on the same linear relation, while the SFE-1/µ relation
appears to be a single sequence. Given that sSFR =
µ×SFE, the SFE-1/µ relation hence determines the star
formation level (i.e. sSFR) of the galaxy. A high sSFR
could be due to a high µ, or a high SFE, or both. By
their definition, µ tells the relative amount of gas in the
galaxy and SFE tells how efficient the galaxy can trans-
form the gas into stars. In principle, µ and SFE could
share no causal link and show no correlation. Therefore,
the existence of a clear negative correlation between SFE
and 1/µ (i.e. positive correlation between SFE and µ) as
in Figure 6 already gives insight into the star formation
and quenching processes. On average, galaxies with a
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Figure 6. Comparison of the MH2 -M∗ relation (upper left) and SFE-sSFR relation (upper right); SFR-M∗ relation (bottom
left) and SFE-1/µ relation (bottom right). Black dots are individual galaxies. The blue solid lines show the best fits to the data
using ODR fitting method. The slope, residual variance and total variance of the best-fitting model are given in the legend.
The dashed line indicates the position of the star-forming main sequence defined in Saintonge et al. (2016). The dotted lines
indicate ±0.4 dex scatter around the main sequence.
high SFE also have a larger µ (and hence a higher sSFR),
and vice versa. The scatter around the SFE-1/µ rela-
tion suggests that different galaxies can have different
star formation or quenching states. For instance, the de-
crease of sSFR can be caused by suppressing SFE (e.g.,
due to morphological quenching) or by the decrease of
µ (e.g., due to strangulation, or by outflow driven by
feedback, or by stripping due to environment effect), or
by both. On the SFE-1/µ plane, quenching due to sup-
pressing SFE will make the galaxy evolve downwards in
the bottom right panel of Figure 6, while quenching due
to decrease of µ will make the galaxy evolve horizontally
to the right. As above, the positive correlation between
SFE and µ suggests that, on average, for the galaxy
population, both quenching mechanisms are operating.
We also note that the scatter of the SFE-1/µ relation
is 0.3 dex, which is larger than the combined measure-
ment errors of SFE and µ of 0.22 dex. This implies that
galaxies are not quenched in the same way. As discussed
above, the detailed quenching process (e.g., quenching
primarily due to suppressing SFE or primarily due to
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decreasing µ) can introduce additional scatters of the
SFE-1/µ relation.
Finally, the main reason why MH2-M∗ and SFR-M∗
relations have significantly larger scatters than the cor-
responding SFE-sSFR and SFE-1/µ relations is that the
former two relations consist of two structures (i.e. a
star-forming sequence and a passive cloud) that are not
lying on the same linear relation. What about if we se-
lect only star-forming galaxies, i.e. what is the scatter
of the MG-MS and SF-MS? If we use the same defini-
tion as Saintonge et al. (2016), i.e. use the lower dotted
line in Figure A1 to select star-forming galaxies, we find
the scatters of resulting MG-MS and SF-MS are much
smaller than the MH2-M∗ and SFR-M∗ relations for the
full sample, as expected, but are still larger than the
corresponding SFE-sSFR and SFE-1/µ relations. This
is partially caused by galaxies with elevated SFRs and
starbursting galaxies. These galaxies are located above
the MG-MS and SF-MS (hence contribute to increase
the scatter), but are still on the SFE-sSFR and SFE-
1/µ relations.
5. THE FUNDAMENTAL FORMATION RELATION
(FFR) AND SUMMARY
We have analyzed the two sets of key scaling relations
in star formation and quenching: (1) absolute relations
MH2-SFR, MH2-M∗ and SFR-M∗ and (2) specific rela-
tions µ-sSFR, SFE (or τ)-sSFR and SFE (or τ)-µ. In set
(1), the MH2-SFR is the integrated Kennicutt-Schmidt
(KS) relation. For star-forming galaxies, MH2-M∗ is
called as the molecular gas main sequence (MG-MS)
and SFR-M∗ is called as star-forming main sequence
(SF-MS). We show the two sets of relations can be mu-
tually tranformed, simply by shifting each galaxy by its
log M∗, log SFR and log MH2 , respectively, as illus-
trated in Figure 7. We find that the overall scatter of
each relation in set (2) is significantly smaller than the
corresponding one in set (1). We stress that since the
amount of shift is different for different galaxies, the
shift could increase or decrease the overall scatter of the
relation. We show from a simple Monte Carlo simula-
tion that the tightness of the MH2 -SFR relation, i.e. the
integrated KS law, is unlikely due to some random ef-
fects. More interestingly, the probability to achieve an
even smaller scatter as the observed µ-sSFR relation is
extremely close to zero, were it due to a random process.
This is also true for the MH2-M∗ v.s. SFE-sSFR rela-
tions, and SFR-M∗ v.s. SFE-µ relations. This suggests
that the specific relations are much tighter than the ab-
solute ones because of some more fundamental physical
connection between these quantities. Also as discussed
at the end of Section 3.2.1, the detailed connection be-
tween the MH2-SFR and µ-sSFR relation is beyond the
fact that the latter relation has a smaller scatter, and
further implies that the MH2 -SFR relation is actually
originated from the µ-sSFR relation.
Therefore, we propose the sSFR-SFE (or τ)-µ rela-
tion as the Fundamental Formation Relation (FFR) and
these three quantities are also linked by sSFR = µ×SFE.
Other scaling relations, including integrated KS law,
SF-MS and MG-MS, are derived from this fundamen-
tal cube, with a larger scatter.
We show the significant smaller scatter of the FFR
is due to the systematic dependence of the relations in
set (1) on other galaxies properties. For instance, MH2 -
SFR relation shows systematic dependence on M∗, B/T,
R50 and sSFR, while the µ-sSFR and SFE-sSFR rela-
tions show little or no dependence on M∗, B/T, R50 and
SFR. This implies that in the local Universe, the SFE
(or τ) is primarily set by the sSFR (and vice versa),
not by SFR or by MH2 . As discussed in Section 3.2.2,
to understand the physics of the SFE-sSFR relation, we
need to first understand what determines the sSFR and
drives its evolution, which is closely linked to the dark
matter halo accretion history (Peng & Maiolino 2014;
Dekel & Mandelker 2014).
We stress that the unique feature of the µ-sSFR and
SFE-sSFR relations (i.e. their tightness, a single se-
quence with a single slope and independence of other key
galaxy properties) remains unchanged across the entire
observed range of sSFR, from star-bursting to galaxies
in the process of being quenched. This suggests that the
same star formation physics may operate across the en-
tire galaxy population, for galaxies with enormous differ-
ences in stellar masses, sizes and structures. Therefore,
the existence of two structures, i.e. a star-forming se-
quence (including the molecular gas main sequence and
star-forming main sequence) and a passive cloud in the
MH2-M∗ and SFR-M∗ relations as illustrated in Fig-
ure 7, do not necessarily mean that there are two dif-
ferent physical processes controlling star formation and
quenching in a separate way.
In the FFR framework, galaxies with different stel-
lar masses, sizes, structures, metallicity and in different
environments, all evolve on the same single scaling re-
lations of µ-sSFR and SFE-sSFR (remember sSFR =
µ×SFE). When their sSFRs change (no matter driven
by secular evolution of the star-forming sequence or by
quenching), their µ and SFE change according to the µ-
sSFR and SFE-sSFR relations. The SFE-µ relation, as
discussed at the end of Section 4, reveals the deep causal
connection between SFE and µ; and clearly demon-
strates, for instance, why a galaxy is quenching: is it
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Figure 7. Illustration of the Fundamental Formation Relation (FFR), i.e. sSFR-SFE-µ relation, and its relationship to the
MH2 -SFR, MH2 -M∗ and SFR-M∗ relation. The MH2 -SFR relation is the integrated Kennicutt-Schmidt (KS) relation. For
star-forming galaxies, MH2 -M∗ relation is called as the molecular gas main sequence (MG-MS) and SFR-M∗ relation is called
as star-forming main sequence (SF-MS). The FFR provides a clean and simple framework to describe the evolution of galaxy,
including both star formation and quenching.
due to a suppressed SFE, or due to the decrease of µ, or
both.
These unique features hence make the FFR an ideal
framework to study galaxy formation and evolution. In
our future papers, we will show various applications of
the FFR in both observations and modelings, with fur-
ther insight into the physics of the FFR.
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APPENDIX
A. SAMPLE SELECTION EFFECTS
Since the xCOLD GASS sample is limited to the local Universe (0.01 < z < 0.05), the main selection effect is
from the CO completeness limit, as mentioned in Section 2. The CO observation limit is set by the molecular gas to
stellar mass ratio MH2/M∗, which is 1.5% for COLD GASS (i.e. M∗ > 10
10M) and 2.5% for COLD GASS-low (i.e.
109M < M∗ < 1010M). Only galaxies with reliable CO detections are used in our analysis in the main text, and
non-detections with only upper limit in MH2 have not been included.
To assess the significance of the selection effects on our results, we first show the H2 detection ratio in xCOLD GASS
sample on the SFR-M∗ plane in Figure A1. The dashed line indicates the position of the star-forming MS defined in
Saintonge et al. (2016). The dotted lines indicate ±0.4 dex scatter around the main sequence, as in Saintonge et al.
(2016) and Saintonge et al. (2017). The lower dashed line can be regarded as the approximate divide between star-
forming galaxies and the galaxies that are quenched or in the process of being quenched. At a given stellar mass,
the H2 detection ratio starts to drop rapidly below this divide. The detection ratio also starts to drop modestly at
log M∗ < 9.4, maybe due to the very low H2 gas mass in the low stellar mass end. Also, the upper limits are less
constraining at log M∗ < 9.4, as discussed in Saintonge et al. (2017).
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Figure A1. H2 detection ratio in xCOLD GASS sample, as a function of stellar mass (M∗) and star formation rate (SFR),
determined within moving boxes of size 0.5 dex in mass and 0.5 dex in SFR. Each galaxy is weighted by a correction factor to
account for selection effects in stellar mass. The dashed line indicates the position of the star-forming main sequence defined in
Saintonge et al. (2016). The dotted lines indicate ±0.4 dex scatter around the main sequence, as in Saintonge et al. (2016) and
Saintonge et al. (2017).
Figure A2 shows H2 detection ratio as a function of SFR (left) and sSFR (right), for galaxies within different stellar
mass bins. In the left panel, at log SFR > -0.8 for galaxies with 9.4 < logM∗ < 10 (red line) and log SFR > -0.2 for
galaxies with log M∗ > 10 (blue line), the H2 detection ratio is above 80%, which means the selection effects due to
the CO completeness limit should be small. This limit is equivalent to log sSFR > -1.6 Gyr−1 for galaxies with log
M∗ > 9.4 as shown in the right panel.
For galaxies below the 80% detection limit, i.e. in the low SFR regions with rapidly increasing numbers of non-
detection in CO, will the results present in the main text be still meaningful? Will they be significantly biased by
the increasingly low CO detection ratio? To put it another way, at a given (low) SFR or sSFR, why there are some
galaxies with CO detections while others do not?
The SFRs used in our analysis are calculated using the combination of MIR and UV from WISE and GALEX
survey, as described in Janowiecki et al.(2017; hereafter J17). In J17, SFRs were determined from four cases. The
SFRcase best flag equals to 1 means from NUV + w4 (22 µm); flag = 2 for NUV + w3 (12 µm); flag = 6 for NUV or
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w3 or w4 and flag = 9 for SED SFRs (Wang et al. 2011) corrected to match UV+MIR. These SFR flags are shown in
figure A3, for galaxies with CO detections (left) and CO non-detections (right) on the SFR-M∗ plane.
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Figure A2. H2 detection ratio as a function of SFR (left) and sSFR (right), for galaxies within different stellar mass bins.
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Figure A3. The SFR flag in Janowiecki et al. (2017) for galaxies with CO detections (left) and CO non-detections (right) on
the SFR-M∗ plane. The SFR flag notes how the SFRs were derived: SFRcase best = 1 for NUV + w4; 2 for NUV + w3; 6 for
NUV or w3 or w4 and 9 for SED SFRs corrected to match UV+MIR.
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It is evident that galaxies with CO detections, most of their SFRs were estimated from NUV + w4 (magenta points),
some from SED (green points) and only few from NUV + w3 (red points). While for galaxies with CO non-detections,
the situation reverses, most of their SFRs were estimated from either NUV + w3 or SED, and only a few from NUV
+ w4. As discussed in J17, the w4 emission is a more reliable tracer of the SFR. The w3 emission in reddest galaxies
can be entirely attributed to old stellar populations, and not to recent star formation. Comparing the two panels in
Figure A3, we suspect the SFRs for galaxies without CO detections, mainly those derived from NUV + w3 or SED,
might not be accurate and could be overestimated. Their true SFRs might be lower and fall below the predesigned
CO detection limit, and hence are not detected.
We further check the morphology composition of the galaxies with and without CO detections. At log M∗ larger
than 9.4, galaxies with CO detections have 4.6% ellipticals, 64.3% disks and 31.1% uncertains; galaxies without CO
detections have 52% ellipticals, 10.3% disks and 37.7% uncertains. These low SFR ellipticals (whose SFRs are mainly
derived from NUV + w3 or SED, hence may not be very accurate) are presumably quenched at high redshifts with
little remaining cold gas and ongoing star formation, and may follow different scaling relations than these presented
in the current paper. Therefore, if we exclude these old retired elliptical galaxies, the CO detection ratio at the low
SFR end will significantly increase, as about 50% of the galaxies without CO detections are ellipticals. If we select
only disk galaxies, the average CO detection ratio will be larger than 80% at any SFRs, in consistent with the results
in Zhang et al. (2019).
Putting together, we believe even below the 80% detection limit, the results presented in the main text might be still
meaningful and are not significantly biased by the low CO detection ratio. This explains why the slope and general
trend of the various scaling relations remain unchanged towards the low SFR end, even at the lowest SFRs where the
detection ratio becomes very low.
On the other hand, the selection effect will affect all scaling relations explored in this paper. Our analysis are primarily
comparing the relative differences, for instance, between the MH2-SFR and µ-sSFR relations, not to determine their
absolute slope and normalization, hence selection effects are less critical.
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